Superconductivity in novel bismuth-sulphur superconductors has attracted large research efforts, both experimental and theoretical, but a consensus on the nature of superconductivity in these materials has yet to be reached. Using density functional theory for superconductors, we study the electron-phonon pairing mechanism in LaO0.5F0.5BiS2. We first confirm the presence of a commensurate charge density wave instability, in accordance with previous studies. Using a recently developed integration scheme for the electron-phonon coupling, we found that its strength is much lower than previously calculated, due to improved density of state calculations. We finally conclude that conventional phonon-mediated pairing cannot explain the high superconducting transition temperatures observed in this material.
INTRODUCTION
Superconductivity was discovered in two layered materials sharing the same layer of bismuth and sulphur atoms [1] [2] [3] , which has been shown to be the superconducting layer [4] [5] [6] . The material having reached the highest superconducting transition temperature (T c ) of 10.6 K so far is La(O,F)BiS 2 [2] . Its parent compound is insulating and becomes superconducting upon doping, which raises the Fermi level in a rigid band fashion [4] . Various variations of this composition have been attempted, of which the most studied have been the replacement of lanthanum with a different lanthanide [7] [8] [9] [10] [11] [12] .
Interest in this family of superconductors was sparked by the theoretical prediction of the presence of a charge density wave instability in La(O,F)BiS 2 [13, 14] , and its observation in EuFBiS 2 [11] . Moreover, ferromagnetism was measured in the superconducting phase of Ce(O,F)BiS 2 , in agreement with ab-initio calculations [7, 15] . Finally, quantum critical fluctuations of the magnetic moments were measured in CeOBiS 2 [16] .
La(O,F)BiS 2 diplays a large range of superconducting transition temperatures between 2.5 and 11.5 K [17, 18] . Its change with doping was measured, and gives a dome structure centred on x = 0.5 [19] . The synthesis method has been shown to be crucial in changing T c : the crystals synthesised using a simple solid state reaction at ambient pressure (AP) have T c ∼ 3 K, while the ones having gone through an extra high pressure annealing stage (HP) have T c ∼ 10 K [2] . Interestingly, this change is revertible: HP samples annealed again at ambient pressure recover the structure and properties of AP samples [20] . The difference in crystal structure between AP and HP samples is hard to characterise, as X-ray peaks of HP samples are much broader than the ones of AP samples [2, 19] . This difference has however been linked to strain along the c-axis [20] , and to a change from a larger positive Hall resistance in AP samples to a smaller negative one in HP samples [21] .
The evolution of La(O,F)BiS 2 under pressure has been measured for both AP and HP samples. T c in AP samples exhibit a sharp increase under pressure from around 3 K to around 9.5 K at 0.7 GPa [22, 23] . In comparison, in HP samples, T c rises very slightly with pressure [22, 24] . This change in T c has been shown to coincide with a structural phase transition from tetragonal to monoclinic [23] . However relating this to the crystal structure of the HP samples is difficult since X-ray and neutron measurements both gave a tetragonal structure for HP samples [2, 25] The prediction of a charge density wave instability in La(O,F)BiS 2 [13, 14] led to in-depth studies of its vibrational modes using neutron diffraction [25, 26] . No phonon anomaly in either doping or temperature change was detected, which suggested that the electron-phonon coupling could be much weaker than the calculated values [25] . Furthermore, neutron diffraction data yielded the presence of local charge fluctuations [26] .
Angle-resolved photoemission spectroscopy (ARPES) was performed on La(O,F)BiS 2 , Ce(O,F)BiS 2 and Nd(O,F)BiS 2 [27] [28] [29] [30] . Large discrepancies with electronic structure calculations were obtained, particularly the absence of the central nested Fermi pocket [27, 28, 30] . This was attributed to a level of doping lower than expected [28, 30] . This was confirmed by measurements on precisely calibrated samples [29] . Finally, electronic correlations were found to be weak in these systems [28, 29] The diversity in the phenomenology of these materials drove theoretical studies to probe the possibility of unconventional pairing. Spin-fluctuation mediated pairing has been calculated using the random-phase approximation, [31] [32] [33] , numerics [34, 35] and functional renormalisation group [36] .
Ab-initio calculations outputted large electron-phonon couplings, between 0.8 and 0.85 [13, 14, 37] . Two calculations found unstable phonon modes around (π,π,0) [13, 14] , leading to a commensurate charge density wave [13, 14] . The phonon dispersion along the c axis was found to be small, highlighting the small magnitude of the interlayer coupling across the buffer layers [13] . All these studies concluded that superconductivity in La(O,F)BiS 2 is strongly coupled and conventional [13, 14, 37] . The same conclusion has been reached in La(O,F)BiSe 2 [38] In this paper, we study conventional superconductivity in LaO 0.5 F 0.5 BiS 2 , using density functional theory for superconductors [39, 40] . We first confirm the arising of a commensurate charge density wave instability, in accordance with previous studies [13, 14] . Using a novel integration scheme for the electron-phonon coupling, we find that its strength is much lower than previously calculated, due to our improved convergence of density of state calculations. We finally conclude that conventional phonon-mediated pairing cannot explain the high T c s observed in this material.
METHODS
Electronic structures, dynamical matrices and electron-phonon coupling coefficients were calculated using norm-conserving pseudopotentials and a plane wave basis set as implemented in quantum espresso [41] . The plane-wave energy cutoff for the wavefunctions was set to 90 Ry. We also used the all-electron full-potential linearised augmented plane-wave code Elk [42] . Electron dielectric functions were calculated within the frequency-dependent random-phase approximation.
We employed the exchange-correlation potential implemented by Perdew and Zunger based on the local density approximation [43] . The relativistic effects are mostly treated at the scalar-relativistic level [44] , whereas the spin-orbit coupling was explicitly included for reexamining the charge instability (see below).
We used density functional theory for superconductors to calculate superconducting transition temperatures (T c ) from first principles [39, 40] . It is an abinitio theory which allows one to calculate the conventional strong-coupling T c within the level of the MigdalEliashberg theory [45] [46] [47] and without ajustable parameters.
It consists in solving self-consistently the gap equation:
where n and n ′ run over bands, k and k ′ over crystal momentum, β is the inverse temperature, ∆ nk is the superconducting gap function, and E nk = (ǫ nk − µ) 2 + ∆ 2 nk where ǫ nk is the Kohn-Sham one-particle energy and µ is the chemical potential for the normal state. In subsequent calculations, µ is approximated to the Fermi level for the normal state E F , where the temperature dependence is ignored. Z and K are exchange-correlation kernels. Z represents the mass renormalisation of the normal-state band structure due to phonon exchange, while K = K ph + K el represents electron-phonon and electron-electron interactions. This gap equation is derived by using an extended version of the standard finite-temperature densityfunctional procedure [48] consisting in minimising a grand canonical potential function of three densities: the density of electrons, of nuclei, and the superconducting order parameter [39] . Choosing a system of noninteracting electrons but interacting nuclei as the KohnSham system, one obtains the Kohn-Sham equations in the Bogoliubov-de Gennes form. Neglecting the feedback effect of the superconducing gap on the normal electronic states finally gives the gap equation [39] .
The kernels of the gap equation, defined by the previous procedure as functional derivatives of terms of the grand canonical potential, are derived perturbatively using many-body theory [39, 49] . We employed the phononic kernels K ph and Z ph averaged over k-point defined in equation (23) in [40] and equation (40) in [50] , respectively. The phonon and electron-phonon coupling properties were calculated using density functional perturbation theory [41, 51] . The pairing and massrenormalisation effects are thus treated at the level of the Migdal-Eliashberg theory with varying density of states [52] .
The electronic kernel K el is calculated using the frequency-dependent dielectric function [53] [54] [55] , thus including dynamical Coulomb effects [56] .
RESULTS

Structural instability
We calculated the phonon dispersion in the tetragonal unit cell using density functional perturbation theory on a sampling of the Brillouin zone of 4 × 4 × 2 q-points with quantum espresso. Hereafter we refer to the phonon wave number by q. The obtained dispersion features a structural instability which extends all along the Γ-M line, matching previous studies.
In order to test the robustness of this instability, both to other approximations and to the inclusion spin-orbit coupling, we recalculated this dispersion using an allelectron calculation with and without spin-orbit coupling, and a q-grid of 2 × 2 × 1 points. This yielded two dispersions, which are similar, with a slightly reduced depth of the imaginary frequencies from −20 meV to −14 meV. This confirms that this instability is robust.
We obtained the fully relaxed structure by using a unit cell of dimensions √ 2a × √ 2a where a is the unit cell parameter of the tetragonal structure. For convenience we call this new crystal structure the √ 2 × √ 2 structure. We calculated the phonon dispersion in this √ 2 × √ 2 structure (Figure 1 ). The obtained dispersion does not feature the instability [66] . We therefore use this structure to calculate electron-phonon coupling coefficients.
Electron-phonon coupling
The effect of electron-phonon coupling on conventional superconductivity is well represented by the Eliashberg function [57] :
where ω is the frequency, n and n ′ run over electronic bands, ν over phononic bands, k and q over the Brillouin zone, and g are the electron-phonon coupling coefficients. Integrating the Eliashberg function over frequency gives the electron-phonon coupling factor λ: The characteristic phonon frequency ω ln is defined by:
The effects of the electron-phonon coupling on T c are well quantified by the McMillan-Allen-Dynes formula [58, 59] :
where µ * is an adjustable pseudopotential parameter representing the effective electron-electron Coulomb repulsion suppressing the pairing instability [60] .
In practice, the integration of equation 1 is carried out by approximating the singular delta function by a smeared functionδ such as the Hermite-Gaussian [61] . However, this treatment can introduce two types of quantitative errors. First, the integrated value converged with respect to the k-point density suffers from a systematic error due to the width of the smearing function. Second, the convergence with respect to the k-point density tends to be very difficult to achieve, especially when the smearing width is small.
The magnitude of the error is well quantified by examining the electronic density of states N (E) = nk δ(E − ǫ nk ). We defineÑ as the density of states calculated using this smearing scheme. Here and hereafter, the functions and values with tilde denote the ones calculated with the smearing scheme. Equation 1 indicates that α 2 F scales withÑ (Ẽ F ) 2 in the limit where the electronphonon coupling coefficients g are independent of n, n ′ , k and q [67] . To estimate the impact of the above quantitative errors, we examined the dependence of the electronic density of states at the Fermi energyÑ (Ẽ F ) with respect to the smearing width and k-point grid ( Figure  3 ). We obtained a well-converged value for N (E F ) using a very dense k-point grid and the tetrahedron integration method, which we refer to as the "exact" N (E F ) hereafter. We found thatÑ (Ẽ F ) differs from the exact value by approximately 20% at the Gaussian width 0.5 eV, which is within a standard range of the width. Moreover, we found slowly convergent behaviour for widths lower than 0.1 eV. Notably, the values ofÑ (Ẽ F ) are systematically larger than the exact one, indicating thatα 2 F can suffer from systematic overestimation in this material.
In order to mitigate the above-mentioned overestimation we modified the α 2 F formula in practice, following recent technical developments [62] , and obtained the rescaled Eliashberg function [68]:
The numerator is replaced to the exact N (E F ) 2 since it corresponds to the dense k and q-points limit. Note that regardless of the k-point density, this modified formula gives us the exact value in the limit where the electronphonon coupling coefficients g are independent of n, n ′ , k and q. With this formula, as shown in figure 4 , we obtained values of λ almost independent of the smearing width.
We confirmed these results by calculating α 2 F with the optimized tetrahedron method [63] (Figure 2) . We used four different q-point meshes, two with 3 × 3 × 3 points (and a 18 × 18 × 6 k-point mesh) and two with 4 × 4 × 2 points (and a 24 × 24 × 4 k-point mesh), one shifted along the z axis and the other along all the axes [69] [70]. We name α 2 F tetra the Eliashberg function obtained using the all-shifted 4 × 4 × 2 q-point mesh. We The results obtained for ω ln are less conclusive: indeed the values obtained for the two 3 × 3 × 3 q-point grids are 116 K and 153 K, while the ones obtained using the two 4 × 4 × 2 q-point grids are 98 K and 143 K. Let us note that T c is affected exponentially by λ whereas it is affected only linearly by ω ln (Equation (3)), which means that the convergence of λ gives us the order of magnitude of T c . In the following subsection, we show that this order of magnitude is clearly different from the one observed experimentally.
Superconducting transition temperature
We calculated the superconducting transition temperature (T c ) of LaO 0.5 F 0.5 BiS 2 using density functional theory for superconductors [71] . We ran a "static" calculation which only uses the zero frequency dielectric function, and a "dynamical" calculation which uses the full frequency-dependent dielectric function, both calculated using a 4 × 4 × 2 k-point grid. We used α 2 F tetra in both calculations. The results are summarised in table I.
It is interesting to compare this result to the output of the McMillan-Allen-Dynes formula [58] . We calculated T c with this formula using the parameters corresponding to α 2 F tetra for a large range of values of µ * . We then can obtain the µ * corresponding to the value of T c calculated using density functional theory for superconductors. We obtain values of µ * larger than in most conventional superconductors [64, 65] (Table I) . This is reminiscent of other ab-initio studies of superconductors [65] .
The value of T c calculated here are very distant from all the values of T c measured in this compound, which are between 2.5 and 11.5 K [17] . We therefore conclude that conventional phonon-coupling superconductivity cannot explain the experimental data on LaO 0.5 F 0.5 BiS 2 .
CONCLUSION
We calculated phonon frequencies in the original unit cell of LaO 0.5 F 0.5 BiS 2 , using two different approximations and spin-orbit coupling, and found a structural instability close to the M point of the Brillouin zone. This confirms previous findings [13, 14] .
The electron-phonon coupling was calculated in a relaxed √ 2 × √ 2 structure using the standard smearing integration scheme and obtained values for λ with a strong smearing width dependence (Figure 4) . These results match previous calculations well [14] .
We then used a cutting-edge rescaling technique [62] to mitigate the influence of errors in the calculation of the density of states, which resulted in a much smaller dependence of λ on smearing width (Figure 4) . The obtained λ matches closely results obtained with a novel tetrahedron method [63] . We conclude that λ < 0.5.
Finally, using the Eliashberg function calculated using the tetrahedron method, we calculated T c using density functional theory for superconductors [39, 40] . We obtained T c = 0.4 K. This corresponds to a pair-breaking electron-electron repulsion µ * = 0.16, which is larger than conventional values. We thus conclude that conventional phonon-mediated pairing cannot explain the high T c s observed in this material. This is an important step toward the clarification of the origin of superconductivity in BiS 2 superconductors.
[69] The unshifted q-mesh cannot be employed for the tetrahedron integration since it suffers from numerical divergence at q = 0. Note that this is an artefact due to the discretisation and can be avoided if the q-point integral around q = 0 is calculated analytically [70] We have also employed the rescaling formula (Equation (5)) for α 2 Ftetra to accelerate the k-point convergence. In this case, the denominator of the prefactor is calculated with the k and q-point mesh employed for the integration in equation (1) .
[71] We sampled the Brillouin zone and the different bands using a weighted random set of points [40] . The standard error on the value of the gap was found to be 18.3%.
